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(57) ABSTRACT

In an embodiment, a processor includes a plurality of cores
grouped into a plurality of clusters. The clusters are formed
based on a corresponding operating voltage of each core at
each of a plurality of frequencies. Each cluster includes a
unique set of cores and at least one cluster includes at least
two of the cores. The processor also includes a power control
unit (PCU) including frequency/voltage control logic,
responsive to a frequency change request for a first core of a
first cluster, to determine an operating voltage for the first
core from a first cluster voltage-frequency (V-F) table asso-
ciated with the first cluster. The first cluster V-F table uniquely
specifies a corresponding operating voltage at each of a plu-
rality of frequencies of operation of the cores of the first
cluster. Other embodiments are described and claimed.

18 Claims, 9 Drawing Sheets

102

Frequencyl )

Control Unit |

i

DRAN ]




US 9,405,340 B2
Page 2

(56)

References Cited

U.S. PATENT DOCUMENTS

2005/0278676 Al*

2007/0074011 Al
2007/0226482 Al*

2009/0271646 Al*
2010/0064162 Al*

2012/0159230 Al*
2013/0013892 Al*

12/2005

3/2007
9/2007

10/2009
3/2010

6/2012
1/2013

Dhanwada .......... GOG6F 17/5068
716/113

Borkar

Borkar ........ccooovenrn GO6F 1/32
713/100

Talwar ........ccco.... GO6F 1/3203
713/322

Rotem ......covvvevenine GO6F 1/206
713/340

Chen ..cocooovvvereniiiieiin 713/600

.. GO6F 15/17393
712/34

Yamashita

2014/0173311 Al*  6/2014 Park .......ccceoeinnine GO6F 1/206
713/320
2014/0189239 Al* 7/2014 Hum ... GO6F 12/0831
711/122
2014/0196050 A1*  7/2014 Yu .ccoovviiininnn GOG6F 9/5088
718/104
2014/0372782 Al* 12/2014 Breternitz ............. GOG6F 1/3206
713/340
OTHER PUBLICATIONS

European Searching Authority, “European Search Report and Writ-
ten Opinion,” dated Oct. 27, 2014, in European application No.
EP14173734.

* cited by examiner



US 9,405,340 B2

Sheet 1 of 9

Aug. 2, 2016

U.S. Patent

L Ol

WY™G

o

]

B0
oo 8f

EHOA

AoUBNbas
/ 4 o uoneInByuos

S9{GRL CIA

Qi

Zil

{paion) 1sanbey Asuenbai4

&

¥

WY J0ALGT) HOOID

k4

iopzinbay sfelon

02T

[§

1

JOS800IY

3



US 9,405,340 B2

Sheet 2 of 9

Aug. 2, 2016

U.S. Patent

oy

90

-1

-9}

¢

-9'C

- 1€

-9°¢

- LY

A9YITI0A



US 9,405,340 B2

Sheet 3 of 9

Aug. 2, 2016

U.S. Patent

. i
] b !
_ i
H
i
_ §§§§§§ o i
ggggggg e vme waak H
i
_ i
iiiii ; [ o o e o e e
_ iiiii “ { P
i i SO AT gy ]
H i
_ " ~ |
i ASBL BI00 TIBSTD | |
_ o o e ! P
.............................. “
F— ! o YSOL 9107 LIBSND m w
! H
| | ”
] ﬁ N
_ i i HSBUH BI00 QRIBHD |
i i i
i
. i i
....... i H —
_ fffffff RN S i m.mw
2 D saiaea s L )
iiiiiiiiiiii I P
11111111 | §
R PR LA SR S A O —— e
i
el (NBIQD) DVE OEA : =1
i A H M BBEION o woe e o (bo1s) drsao] A 03 o
o . hal i
i : : : : " _ fffff e onex m
w S | 0 BiRL GIA
Loy e ;
o abeion HRIC0) A G
L e 0w o1 1 el ey -y ot Ac 4
! { nw._ _ aFelop ﬁo_,n,: i
s = | z
B * _ uhaie 31981 3, i g
! R R ; :
o - i
~gft (2RI05) OV 03 A = _ ST ~ = B A ot
e e - (b2 . N
....... adeyon auw% i (Z&i00) Vel Mo
'
- 31981 3in i {134n0) ones man
tttttttttt i
i N
P I .uuxaa_ AT {QRIDg) onet man
. w14} i
afteyan oney . L
_ £ 9125 GIA /V!//
" 00c
i

U VU U U it |



U.S. Patent Aug. 2, 2016 Sheet 4 of 9 US 9,405,340 B2

I
(o]
la»]

|

402

Receive Individual
Core V-F Dala

L 404

Cluster Cores

l

For Each Data Point in Cluster
Select Largest Voltage For A
Given Frequency

l

Synthesize V-F Curve For All
Cores Of The Clustar

l

Construct Lookup Table From
Synthesized V-F Curve

L 412

End

408

408

410

FIG. 4



U.S. Patent Aug. 2, 2016 Sheet 5 of 9 US 9,405,340 B2

502

5
jo
Lo}

Receive Frequency
Request From A Core

Select V-F Table Of S04

Cluster That Includes
The Core

l

Delermine Voltage Corresponding
To Requested Frequency From
Selected V-F Table

l

Provide Voltage Value
To VR Of The Core

%

VR To Adiust Voltage To
Core Based On Voltage
Value Receivad From PCU

l 512

End

508

519

FIG. 5



US 9,405,340 B2

9 "Oid

Sheet 6 of 9

Aug. 2, 2016

0gg

HBo7

2I09UN

afieyon nibo7

joauonyAsusnbsig

SO UM OAUOD 1OMO

ssige |
Qi
8GY

2]
el

099
Adousep
washc

[€35)
OB paiByg

UGLs
8400

4019
8300y

E0L9
2400

|

O
<

U.S. Patent



US 9,405,340 B2

Sheet 7 of 9

Aug. 2, 2016

U.S. Patent

114
auibug sodess
aow7 gL/
om 8407
oz
oam 8107}
- >~ ML
BT
am 81073
K2 Kl
oM 8100
S
ger
0L TG4 Sege
P 7 M LA
k:
5L
21807 j04U0D
a57 a8ayop/Anuenbaiy
waby 95L
WOISAS NOd
Ko 95E7
A B

P



US 9,405,340 B2

Sheet 8 of 9

Aug. 2,2016

U.S. Patent

FA0D M - !
mw'Nim Y ,.MMWM . 770
FOVHOLS ViVA - SIDAIAWWCD | | SSNOW / QUYOTATH
Ul { H
w 4 w .- 4
¥R 718 818
o oiany SIADIAZA OA 3I0aHg 3nd
——— . .
/ i
£ :
ag 558
40
) 55 GOIHdYES
dd L3SAHO AFSHOM
¥3Q & —_—
e ¥ -
FEEE—TTTT I - $CY
soigel Qiall 988 884 . o84
dd i dd d-d
7p oze "
/, 80 - &3¢
JOIUTD Al
vEe 1 DDd 08 . 78
AHOWIN — AMOWIN
7o8 T oves Urld i3
N800 -
HOW 2 2400 HOW
206d DOUL
.On@nm ........... '4/' ‘‘‘‘‘‘‘ T o g
HOSSAOOU /7 ¥038300Md
08 ‘gyes arsg’



6 "9ld

US 9,405,340 B2

Sheet 9 of 9

Aug. 2, 2016

SRDBLSI|
56
JBHOLEIOD IBMGH
058
SLGE 4 WesAS
88
JOSEE00I4 a3y T L
X 203 dSQ FALS 8107 430 81073 d32(]
o5 Gt 578 576
syced i1 YR LT
SICIIDIE0DY gl 916
MH 0SRIAJOIDY SdS
nod nod
Gig eL6
149 e 108890014 JOB5E00id WBpoW 3L
WANSASUNG BIpSg DA LWBISABUNG SLCORINA (UBISABUNG WBPOW
GER X4 078

U.S. Patent

|

ot

foont
o



US 9,405,340 B2

1
APPARATUS AND METHOD TO IMPLEMENT
POWER MANAGEMENT OF A PROCESSOR

TECHNICAL FIELD

Embodiments pertain to power management of a proces-
sor.

BACKGROUND

In a multi-core processor each core may operate at a dif-
ferent frequency that may be selected based on, e.g., a pro-
cessing load of the core. In order for a core to operate at a
given frequency, voltage supplied to the core needs to be at
least a corresponding minimum value for the given frequency.
A voltage-frequency (V-F) characteristic of a component
specifies aminimum voltage to be supplied in order to support
operation of the core at a corresponding frequency, and is
related to its physical characteristics including manufacturing
variations between components of the same type, intra-die
effect etc. For example, different cores in a multi-core pro-
cessor have unique V-F characteristics because of their physi-
cal/manufacturing properties. As a result, each component
can be represented by a unique V-F table (“VID table”) based
on the V-F characteristic.

Storage and retrieval of VID tables for each core may be
impractical, due to memory constraints, access latencies, and
other considerations.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1 is a block diagram of a system, according to an
embodiment of the present invention.

FIG. 2 is a graph of voltage v. frequency for a plurality of
core clusters, according to embodiments of the present inven-
tion.

FIG. 3 is a block diagram of a frequency-to-voltage (V-F)
lookup apparatus, according to embodiments of the present
invention.

FIG. 4 is a flow chart of a method of creating a V-F lookup
table for a cluster of cores, according to an embodiment of the
present invention.

FIG. 5 is a flow chart of a method of providing a voltage to
a core, according to an embodiment of the present invention.

FIG. 6 is a block diagram of a processor in accordance with
an embodiment of the present invention.

FIG. 7 is a block diagram of a multi-domain processor in
accordance with another embodiment of the present inven-
tion.

FIG. 8 isablock diagram of a system in accordance with an
embodiment of the present invention.

FIG. 9 is a block diagram of a system on a chip (SOC) in
accordance with embodiments of the present invention.

DETAILED DESCRIPTION

Server processors with larger number of cores typically
have large variation in the per-core voltage-frequency (V-F)
characteristics due to large-die effects. A single VID repre-
sentation, e.g., VID table (table of voltage values for discrete
frequency points, determined from a corresponding V-F char-
acteristic) may be constructed to be used for a plurality of
cores, but typically results in some cores operating at higher
than needed voltages for certain operating frequencies. As a
result, server processors are prone to have significantly more
power losses due to a single VID representation for all the
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2

cores, because in semiconductor circuits that are capacitance
dominated power loss is proportional to V2, as can be seen
from Eq. 1:

power=(ND=(V(PZX)=(P*)2nfC)=constant (F*)(/) Eq. (1)

where X is capacitive reactance=1/(2xfC), C is capaci-
tance, and f'is frequency.

An approach presented herein is to formulate a plurality of
VID representations that is less than the total number of cores
in the processor, with each VID representation formed based
on a cluster of cores, e.g., each VID representation derived
from a composite characteristic of a cluster.

FIG. 1 is a block diagram of a system 100, according to an
embodiment of the present invention. The system 100
includes a processor 102 that includes a plurality of cores
104,-104,, a power control unit (PCU) 110, voltage regula-
tors 120,-120,,, and clock control units 130,-130,. The PCU
110 includes configuration information 112, voltage-fre-
quency (VID)tables 114, and frequency/voltage control logic
116. The system 100 also includes a dynamic random access
memory (DRAM) 150 coupled to the processor 102 and that
can store data and/or program instructions.

In operation, the PCU 110 may respond to an indication of
a frequency change for one or more of the cores 104,-104,,
(e.g., indication may be received, or may be generated by the
PCU110). In response to the frequency change indication, the
frequency/voltage control logic 116 may determine, from one
of'the VID tables 114, a corresponding operating voltage to be
supplied to the core 104,. The VID table used determine the
operating voltage may be selected from the VID tables 114
based on configuration information 112 (e.g., a mask) that
associates the core 104, with a cluster of cores having a
corresponding VID table. The frequency/voltage control
logic 116 may provide an operating voltage value to the
voltage regulator 120, that is to supply an operating voltage to
the core 104,. The frequency/voltage control logic 116 may
also provide an indication of the change in operating fre-
quency to the clock control unit 130, which may provide an
updated clock frequency to the core 104,,.

In an embodiment, core operating voltage may be deter-
mined at least in part by a logic floor and a cache floor. At high
frequency, the logic floor, also called V,,,,,,, generally deter-
mines the operating voltage. At low frequency, the cache
floor, also called V__,,,;,,» generally determines the operating
voltage. V,,,;,andV__ . aretypically not correlated. Cores of
low power product and ultra-low power products may operate
nearV__,..,» Which may vary across processor dies and within
the dies. V__,,,,, variation may be large due to increased core
middle level cache size and increased core counts. Setting
each cache floor to be the highest V__,,.,, of all cores of a
processor may jeopardize overall core power efficiency.

In an embodiment, each core may be operated at its own
voltageV ..., at lowest frequency of operation. For example,
a first core may be operated at V,,, (high voltage) and a
second core may be operated at vV, (low voltage). By oper-
ating each core at its own V__,,,,., the average core voltage at
low frequency may be lower than if all cores operate at the
V .omin €ache floor of the worst case core (e.g., highest volt-
age).

Dedicated PCU ROM (or RAM) may be needed to store the
voltage values in order for a voltage regulator to control the
V onin 0f €ach core. In an embodiment, to save PCU ROM (or
RAM) space, cores with similarV__,,,., range can be grouped
together to share one V__,,, voltage (V_.,.,, bucket). The
number of the V__,,;,, buckets can be decided based on the
vV, target and bin-split needs, e.g., categories of cores that

cemin
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may be determined based upon, e.g., intended use of the
processor, or upon other factors.

The V,__,,;,, bucket number and the V__,,.,, voltage for each
bucket may be determined based onV__,,,, target and silicon
characterization data. During manufacturing testing, the
minimum operating voltage for each core may be tested per
die, and the per-core bucket numbers may be assigned accord-
ingly. The results may be loaded into fuse registers for each
die.

During the chip operations, the PCU 110 can support the
per-coreV__,..., bucket scheme in various power-performance
states (P states), each P state associated with a corresponding
frequency of operation. For example, during a reset sequence,
a defined bucketing number (m) and its corresponding V__,,....
voltages for each bucket (Vi 15 Yoomin 25« « - ¥ comin m) 85
well as the per-core bucket assignments (i1, i2, . . . in) for each
die can be read from the fuse registers. A look-up table con-
taining the V__,,;, voltage info for each core (e.g., VID tables
114) can be populated. When the chip transitions into a P,
state, the V__,,.., voltage values for each core (core,, i=1 to n)
can be obtained from the look-up table and can applied to the
core through, e.g., the corresponding VR 102,. As a result,
overall core operating voltage is not penalized by the worst
core V..., (highest operating voltage). The fuse area usage
can be optimized by grouping the cores with similar V,
values in the same bucket.

FIG. 2 is a graph 200 of voltage v. frequency for a plurality
of core clusters, according to embodiments of the present
invention. A first cluster 202 includes V-F characteristics 204,
206, 208, and 210, each V-F characteristic (dashed line) cor-
responding to a respective core of a processor. Each charac-
teristic may be constructed from a limited number of known
(e.g., measured) frequency-voltage data points of the corre-
sponding core. For example, each V-F characteristic 204-210
may be constructed based on voltage-frequency data for cores
at frequency ratios Ry, Ry, R,, and R;, where a frequency of
operation of the core is given by the frequency ratio multi-
plied by a base frequency, e.g., base frequency=100 MHz.
Each V-F characteristic may be constructed using interpola-
tion techniques between the known data points, e.g., through
linear interpolation, quadratic interpolation, or another inter-
polation technique.

Also shown is a composite curve 212 (solid line) formed by
selection of a maximum voltage of the four characteristics
204, 206, 208, and 210, at each of the frequency ratios R, R,
R, and R; and interpolation between successive frequency
ratios, e.g., between R, and R, between R, and R,, and
between R, and R;. In other embodiments, other interpolation
techniques (e.g., quadratic, etc.) may be employed to deter-
mine the composite curve for the cluster. The composite curve
212 may serve to determine an operating voltage value for a
particular core of a cluster responsive to a frequency change
request received from the particular core. Clusters may be
determined by a variety of techniques. For instance, clusters
may be determined based on minimum activation voltages of
cores at a particular frequency, e.g., each cluster to include a
corresponding group of cores with minimum activation volt-
ages having proximate values (e.g., values localized with
respectto one another) at the particular frequency, and may be
determined by a localization procedure. One such localiza-
tion procedure may specity, for each member of cluster, a
maximum voltage deviation from an average of the minimum
activation voltages of members of the cluster. In another
embodiment, clusters may be determined based on a differ-
ence between a corresponding (minimum) operating voltage
of each of a plurality of cores and a (minimum) operating
voltage of a first core at each of a plurality of frequencies.
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4

Note that the embodiments presented herein are not limited
by how clusters are determined.

FIG. 2 includes V-F characteristics for four clusters of
cores, 202, 214, 218, and 222, and corresponding composite
curves 212, 216, 220, and 224. Each composite curve 212,
216, 220, 224 may be utilized to construct a corresponding
V-F table, in accordance with embodiments of the present
invention.

Grouping the cores into clusters and determining a com-
posite curve for each cluster may result in smaller losses than
might otherwise be incurred (e.g., due to operation of a core
at a higher operating voltage than needed for a particular
frequency of operation). For example, in the case of sixteen
cores, implementing four clusters of four cores each reduces
the number of curves from 16 to 4. By constructing 4 com-
posite curves, each composite curve represents a tighter
spread of voltages than would a single composite curve for all
16 cores. Without clustering (e.g., only one composite curve
constructed for the 16 cores), operation of each of the 16 cores
at a same voltage for a particular frequency might result in a
significantly greater power loss as compared use of 4 com-
posite curves through clustering. The use of clustering to save
power may, in similar fashion, be applied for use with other
logics, graphics systems, interconnect systems, etc.

While FIG. 2 illustrates a processor with 16 cores, other
embodiments may have a processor with more than 16 cores
(e.g., 18 or more cores) or less than 16 cores. Further,
although FIG. 2 includes 4 cores in each cluster, other
embodiments may include more than 4 or less than 4 cores per
cluster. Some embodiments may have different numbers of
cores per cluster.

In operation, responsive to a frequency change indication
for a first core, an operating voltage for the first core may be
determined from the combined characteristic of the corre-
sponding cluster. The operating voltage may be converted
into a digital-analog code (DAC) value. The DAC value may
be signaled to the voltage regulator (VR) of the first core to
transition to the new DAC voltage operating point, along with
other VR parameters such as current/bridge-strength, phase
counts etc. Change of supplied voltage can happen in tandem
with a phase locked loop frequency transition within a clock
control unit, e.g., clock control unit 130, of FIG. 1.

Turning to FIG. 3, shown is a block diagram of a frequency-
to-voltage (V-F) lookup apparatus 300, according to embodi-
ments of the present invention. In some embodiments, the V-F
lookup apparatus 300 may be included in frequency/voltage
control logic such as the frequency/voltage control logic 116
of FIG. 1.

The V-F lookup apparatus 300 may include a multiplexer
(mux) 302 that can select one of a set of VID tables 304 (each
VID table constructed from a corresponding composite char-
acteristic) responsive to a frequency change request received
from a first core. The selected VID table of VID tables 304 can
output a voltage value via a demultiplexer (demux) 306 that
can output the voltage value to a DAC (of a plurality of DACs
308) associated with the first core that requested the fre-
quency change.

Core masks 310 can provide input to the multiplexer 302 to
indicate which core has requested the frequency change and
which cluster includes the core that has requested the fre-
quency change. The core masks 310 can allow mapping of
any number of cores to a particular cluster. For a given core’s
requested frequency ratio, the multiplexer 302 can identify
the corresponding VID table within the set of VID tables 304
and use the corresponding VID table to do the F-to-V deter-
mination. In an embodiment, the multiplexer 302 allows each



US 9,405,340 B2

5

core to belong to only one cluster by selection of only one
VID table per core, indicated by the corresponding core mask
310.

In some embodiments, the VID tables 304 are created
during boot-time, and may be based on linear or quadratic
interpolation between {F, V} co-ordinates of measured data
points, e.g., at frequency ratios Ry, R}, R,, and R; of FIG. 2.
In an embodiment, the frequency ratio points R, R;, R,, and
R; may correspond to min design, max efficiency, guaranteed

6

using manufacturing flows and are burnt into fuses along with
the cluster core masks. During boot-time, PCU firmware may
perform a linear or quadratic interpolation between the {F, V}
points and may populate the VID tables for use during run-
time. For example, the VID tables may be populated by the
PCU through execution of code, such as code based upon
pseudo-code shown in Table 1 (implementation with 4 clus-
ters):

TABLE 1

For{every enabled core}

Desired__ratio = {requested ratio input} // Outcome of SW request to do a ratio change
If (current ratio != desired_ ratio) core_ change_ mask[core_index] = 1;
If(core__change_mask[core_index] ==1) {

// Ratio change

New__pll_ratio = desired_ ratio;

// Update PLL inputs to the FSM

Call Update_ PLL__ inputs(core__index, New__pll_ ratio);

Call Core_to_ Cluster(input core__index, output cluster_index)

Call Ratio_to_ Voltage[input desired__ratio, input cluster__index, output VR__ VOLTAGE] ;
VR_DAC = DAC_ Slope * VR_VOLTAGE + DAC_ OFFSET;

Call Update_ VR(input core__index, input VR__DAC);

Call change frequency_ and_ voltage( );

}

Sub Core__to__Cluster(input core__index, output cluster__index){
// Variable declarations
Var clusterO__mask, clusterl __mask, cluster2__mask, cluster3__mask;
// Code (priority mux)
If{cluster0__mask && (1 << core__index)) cluster__index = 0;
Else If(cluster] __mask && (1 << core__index)) cluster__index = 1;
Else If(cluster2__mask && (1 << core__index)) cluster__index = 2;
Else If(cluster3__mask && (1 << core__index)) cluster__index = 3;
Else cluster__index = 0;

Sub Ratio_to_ Voltage(input desired__ratio, input cluster__index, output VR_VOLTAGE){

Array ratio_ to_ v__tableO[number__of_supported_ ratios
Array ratio__to_ v_ tablel[number_ of supported_ ratios
Array ratio_ to_ v__table2[number__of supported_ ratios
Array ratio_ to_ v__table3[number__of supported_ ratios

; // Initialized during boot-time
; // Initialized during boot-time
; // Initialized during boot-time
; // Initialized during boot-time

If(desired__ratio > max_ supported) desired_ ratio = max__supported;
Case(cluster__index):

0: VR_VOLTAGE = ratio__to__v__tableO[desired_ratio] ;
1: VR_VOLTAGE = ratio__to__v__tablel[desired_ ratio] ;
2: VR_VOLTAGE = ratio__to_ v__table2[desired__ratio] ;
3: VR_VOLTAGE = ratio__to_ v__table3[desired_ ratio] ;
default: VR__ VOLTAGE = ratio__to__v__tableO[desired__ratio] ;
endcase;

Return( );

and max turbo points of each core. In some embodiments, the
measured data {F, V} may be stored in fuses of each core. In
one example, a minimum of three data points are measured,
with frequency ratios of' 8, 24, and 28. In other embodiments,
additional data points may be measured, e.g., to improve
interpolation accuracy. For example, in some embodiments 4
data points or 5 (or more) data points may be measured. In an
embodiment, PCU firmware (that may be stored, e.g., in PCU
ROM that is written during manufacture) may read the stored
data points and may perform interpolation (e.g., linear or
quadratic) between the measured data points to create a
lookup table that may be stored in, e.g., PCU RAM.

Each segment of the VID composite characteristic of FIG.
2 may be represented as a {slope, offset} for a linear interpo-
lation, e.g., the slope and offset of each segment of the VID
composite characteristic may be stored. For a quadratic inter-
polation, typically three parameters are used, e.g., quadratic
parameter, a linear parameter, and an offset parameter for
every segment of the VID composite characteristic. In some
embodiments, the interpolation parameters are identified

55
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65

FIG. 4 a flow chart of a method 400 of creating a V-F
lookup table for a cluster of cores, according to an embodi-
ment of the present invention. In some embodiments, the V-F
tables may be created during power-up and may be stored in
PCU RAM. The V-F tables may be recreated at each power-
up. At block 402, V-F data is received by a PCU from each
core of a processor. In an example, the V-F data may include,
for each core, several data points at distinct frequencies. Con-
tinuing to block 404, the cores may be clustered by PCU
firmware in the PCU, e.g., grouped into clusters. In some
embodiments, each cluster has a different voltage range for
each frequency of the measured data points. Advancing to
block 406, for each frequency of V-F data points within a
cluster, a largest voltage from among the cores of the cluster
is selected to be the voltage (at the frequency) of a combined
characteristic of the cluster. By selecting, at each frequency of
the recorded data points, the largest voltage needed to run the
corresponding core, the combined characteristic will enable
each core in the cluster to operate. That is, at any given
frequency, the voltage value will be large enough to run every
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core in the cluster. Moving to block 408, a V-F curve (com-
bined characteristic) is synthesized, e.g., a set of curve por-
tions is determined based on the data points of all the cores of
the cluster (e.g., selecting the largest measured voltage of the
cores in the cluster at each frequency of a set of frequencies)
through use of an interpolation scheme. Proceeding to block
410, the PCU constructs a lookup table from the synthesized
V-F curve of the cluster and stores the table, e.g., as a VID
table 114 of FIG. 1. The method ends at 412.

FIG. 5 is a flow chart of a method 500 of providing a
voltage to a core of a processor, according to an embodiment
of the present invention. At block 502, a request to change
frequency of operation of the core to a requested frequency is
received from the core by a PCU of' the processor. Continuing
to block 504, the PCU selects a V-F table of a cluster that
includes the core. Advancing to block 506, the PCU deter-
mines a voltage value corresponding to the requested fre-
quency from the selected V-F table of the cluster. Moving to
block 508, the PCU provides the voltage value to a voltage
regulator (VR) associated with the core. Proceeding to block
510, the VR adjusts the voltage to the core based on the
voltage value received from the PCU. The method ends at
512.

Referring now to FIG. 6, shown is a block diagram of a
processor in accordance with an embodiment of the present
invention. As shown in FIG. 6, processor 600 may be a mul-
ticore processor including a plurality of cores 610,-610,,. In
one embodiment, each such core may be of an independent
power domain and can be configured to operate at an inde-
pendent voltage and/or frequency, and to enter turbo mode
when available headroom exists. The various cores may be
coupled via an interconnect 615 to a system agent or uncore
620 that includes various components. As seen, the uncore
620 may include a shared cache 630, which may be a last level
cache. In addition, the uncore may include an integrated
memory controller 640, various interfaces 650, and a power
control unit 655. In the embodiment of FIG. 6, the power
control unit 655 may be configured to receive a frequency
change request from a particular core of the cores 610a-610xn
and to determine a corresponding operating voltage based on
a VID table associated with a cluster that includes the par-
ticular core, according to embodiments of the present inven-
tion. Also shown in FIG. 6 are voltage regulators 670a-670,,to
regulate power supplied to the cores 610a-6107 based on
input received from the Power Control Unit (PCU) 655,
according to embodiments of the present invention. Also
shown in FIG. 6 are clock control units 6804-6807 to provide
the requested clock frequency to the respective core 610a-
6107, according to embodiments of the present invention.

With further reference to FIG. 6, processor 600 may com-
municate with a system memory 660, e.g., via a memory bus.
In addition, by interfaces 650, connection can be made to
various off-chip components such as peripheral devices, mass
storage and so forth. While shown with this particular imple-
mentation in the embodiment of FIG. 6, the scope of the
present invention is not limited in this regard.

Referring now to FIG. 7, shown is a block diagram of a
multi-domain processor in accordance with another embodi-
ment of the present invention. As shown in the embodiment of
FIG. 7, processor 700 includes multiple domains. Specifi-
cally, a core domain 710 can include a plurality of cores
710,-710,, a graphics domain 720 can include one or more
graphics engines, and a system agent domain 750 may further
be present. Note that additional domains can be present in
other embodiments. For example, multiple core domains may
be present each including at least one core.
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In general, each core 710 may further include low level
caches in addition to various execution units and additional
processing elements. The various cores may be coupled to
each other and to a shared cache memory formed of a plurality
of units of a lower level cache (LLC) 740,-740,,. In various
embodiments, LL.C 740,-740,, may be shared amongst the
cores and the graphics engine, as well as various media pro-
cessing circuitry. As seen, a ring interconnect 730 couples the
cores together, and provides interconnection between the
cores, graphics domain 720 and system agent circuitry 750.

As further seen, system agent domain 750 may include a
power control unit (PCU) 756 to perform power management
operations for the processor. In the embodiment of FIG. 7, the
power control unit 756 can include VID tables 757. Each VID
table may be associated with a cluster of cores, in accordance
with embodiments of the present invention. Responsive to a
frequency change request received by the PCU 756 from a
first core of the cores 710a-710n, a voltage value may be
determined by the PCU 756 through use of the VID table of
the cluster that includes the first core, in accordance with
embodiments of the present invention.

As further seen in FIG. 7, processor 700 can further include
an integrated memory controller (IMC) 770 that can provide
for an interface to a system memory, such as a dynamic
random access memory (DRAM). Multiple interfaces 780,-
780,, may be present to enable interconnection between the
processor and other circuitry. For example, in one embodi-
ment at least one direct media interface (DMI) interface may
be provided as well as one or more Peripheral Component
Interconnect Express (PCI Express™ (PCle™)) interfaces.
Still further, to provide for communications between other
agents such as additional processors or other circuitry, one or
more interfaces in accordance with the QPI™ protocol may
also be provided. Although shown at this high level in the
embodiment of FIG. 7, understand the scope of the present
invention is not limited in this regard.

Embodiments may be implemented in many different sys-
tem types. Referring now to FIG. 8, shown is a block diagram
of'a system in accordance with an embodiment of the present
invention. As shown in FIG. 8, multiprocessor system 800 is
a point-to-point interconnect system, and includes a first pro-
cessor 870 and a second processor 880 coupled via a point-
to-point interconnect 820. As shown in FIG. 8, each of pro-
cessors 870 and 880 may be multicore processors, including
first and second processor cores (e.g., processor cores 874a
and 874b, and processor cores 884a and 884b), although
potentially many more cores may be present in the proces-
sors. Each of the processors 880 and 870 may include a PCU
(840 and 850, respectively). Each of the PCUs 840 and 850
may include frequency/voltage control logic 842 and 852
respectively, which may be coupled to VID tables 844 and
854, respectively. Each PCU 840 and 850 may provide,
responsive to a frequency change request received from a
particular core of the respective processor, a voltage value to
avoltage regulator (not shown), the voltage value determined
based on a VID table associated with a cluster that includes
the particular core, in accordance with embodiments of the
present invention.

Still referring to FIG. 8, first processor 870 further includes
amemory controller hub (MCH) 872 and point-to-point (P-P)
interfaces 876 and 878. Similarly, second processor 880
includes a MCH 882 and P-P interfaces 886 and 888. As
shown in FIG. 8, MCH’s 872 and 882 couple the processors
to respective memories, namely a memory 832 and a memory
834, which may be portions of system memory (e.g., DRAM)
locally attached to the respective processors. First processor
870 and second processor 880 may be coupled to a chipset
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890 via P-P interconnects 862 and 884, respectively. As
shown in FIG. 8, chipset 890 includes P-P interfaces 894 and
898.

Furthermore, chipset 890 includes an interface 892 to
couple chipset 890 with a high performance graphics engine
838, by a P-P interconnect 839. In turn, chipset 890 may be
coupled to a first bus 816 via an interface 896. As shown in
FIG. 8, various input/output (I/O) devices 814 may be
coupled to first bus 816, along with a bus bridge 818 which
couples first bus 816 to a second bus 820. Various devices may
be coupled to second bus 820 including, for example, a key-
board/mouse 822, communication devices 826 and a data
storage unit 828 such as a disk drive or other mass storage
device which may include code 830, in one embodiment.
Further, an audio /O 824 may be coupled to second bus 820.
Embodiments can be incorporated into other types of systems
including mobile devices such as a smart cellular telephone,
tablet computer, netbook, Ultrabook™, or so forth.

FIG. 9 is a block diagram of a system on a chip (SOC) in
accordance with embodiments of the present invention. The
SOC 900 includes a multicore subsystem 910, a modem
subsystem 920, a multimedia subsystem 930, system fabric
940, a power controller 950, and interfaces 960 to interface
with one or more external devices. The SOC 900 may perform
multiple tasks concurrently, e.g., modem tasks, multimedia
tasks, and other processing tasks.

The multicore subsystem 910 includes multicore proces-
sors 912 and 914, L1 caches 916 and 918, and L2 cache 942.
Each of the multicore processors 912 and 914 may include a
corresponding PCU 913 and 915 that may include frequency/
voltage control logic (not shown). Each of the frequency/
voltage control logics of the PCUs 913 and 915 may be
coupled to respective VID tables (not shown), each of which
may be stored in the respective PCU. Each PCU 913 and 915
may provide, responsive to a frequency change request
received from a particular core of the respective processor, a
voltage value to a voltage regulator (not shown), the voltage
value determined based on the VID table associated with a
cluster that includes the particular core, in accordance with
embodiments of the present invention.

The modem subsystem 920 may include a Long Term
Evolution (LTE) modem 922 for wireless communication of
high speed data. The modem subsystem 920 may also include
a global positioning system (GPS) 924, and at least two
digital signal processor (DSP) cores 926 and 928.

The multimedia subsystem 930 may include a graphics
processing unit (GPU) 932, audio/video hardware accelera-
tors 934, a digital signal processing core 936, and an MMX
processor 938, which may be capable of processing, e.g.,
single instruction, multiple data (SIMD) instructions.

The following examples pertain to further embodiments.

In a first example, a processor includes a plurality of cores
grouped into a plurality of clusters. The clusters are formed
based on a corresponding operating voltage of each core at
each of a plurality of frequencies. Each cluster includes a
unique set of cores and at least one cluster includes at least
two of the cores. The processor also includes a power control
unit (PCU) including frequency/voltage control logic,
responsive to a frequency change request for a first core of a
first cluster, to determine an operating voltage for the first
core from a first cluster voltage-frequency (V-F) table asso-
ciated with the first cluster. The first cluster V-F table uniquely
specifies a corresponding operating voltage at each of a plu-
rality of frequencies of operation of the cores of the first
cluster. The processor may also include a plurality of voltage
regulators, each voltage regulator to receive a corresponding
operating voltage value for a respective core from the fre-
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quency/voltage control logic responsive to a respective fre-
quency change request for the respective core, and to supply
a corresponding voltage to the respective core based on the
received operating voltage value. The first cluster V-F table
may be based on a plurality of core V-F pairs for each of the
cores of the cluster, where each core V-F pair specifies a
corresponding operating voltage of the core at a given fre-
quency of operation, the core V-F pairs of a given core stored
in corresponding non-volatile memory within the given core.
In an embodiment, for a selected frequency of operation, the
corresponding voltage of the first cluster V-F table is at least
as large as a largest operating voltage of each of the cores of
the first cluster at the selected frequency of operation. In an
embodiment, the first cluster V-F table includes at least two
cluster V-F pairs, each cluster V-F pair including a corre-
sponding operating voltage and a corresponding defined fre-
quency, where for each of the defined frequencies, the corre-
sponding operating voltage of the cluster V-F pair is selected
to be a largest operating voltage of each of the cores of the first
cluster at the defined frequency. In an embodiment, the pro-
cessor includes storage to store a plurality of cluster V-F
tables, each cluster V-F table uniquely associated with a cor-
responding cluster, where each cluster V-F table specifies a
distinct operating voltage for each of a plurality of frequen-
cies of operation of the cores of the corresponding cluster. The
frequency/voltage control logic may include multiplex logic
to select the first cluster V-F table from the plurality of cluster
V-F tables responsive to receipt of the frequency change
request for the first core.

In a second example, a system includes a processor that
includes a plurality of cores grouped into a plurality of clus-
ters, where each cluster includes a unique set of cores and at
least one cluster includes at least two of the cores. Each core
is selected for inclusion into a particular cluster based on a
plurality of voltage-frequency (V-F) pairs associated with the
core. The system also includes a power control unit (PCU)
including frequency/voltage control logic, responsive to a
frequency change request for a first core of a first cluster, to
determine an operating voltage for the first core based on a
first cluster V-F table associated with the cores of the first
cluster, where each frequency of the first cluster V-F table is
uniquely associated with a corresponding operating voltage.
The system also includes a dynamic random access memory
coupled to the processor. The processor may further include a
plurality of voltage regulators, each voltage regulator to
receive the corresponding operating voltage value for a
respective core from the frequency/voltage control logic
responsive to a frequency change request for the respective
core. Each voltage regulator may supply a corresponding
voltage to the respective core responsive to receipt of the
operating voltage value. Each of a first plurality of cores may
be included in the first cluster based on a difference between
the corresponding operating voltage at each of a plurality of
frequencies and a corresponding operating voltage of the first
core at each of the plurality of frequencies. The frequency/
voltage control logic may include multiplex logic to select,
from among a plurality of cluster V-F tables, a particular
cluster V-F table associated with a particular cluster that
includes a particular core responsive to receipt of a frequency
change request from the particular core. The first cluster V-F
table may include a plurality of voltage-frequency (V-F) pairs
including a first operating voltage at a first frequency and a
second operating voltage at a second frequency. The first
operating voltage and the second operating voltage may be
determined based on corresponding V-F pairs of each core of
the first cluster, the corresponding V-F pairs stored in respec-
tive non-volatile memory of the corresponding core in the
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first cluster. In an embodiment, each of the first operating
voltage and the second operating voltage is at least as large as
a largest operating voltage of the cores of the cluster at the
corresponding frequency. The processor may include storage
to store a plurality of voltage-frequency (V-F) tables, each
V-F table uniquely associated with a corresponding cluster,
where each V-F table specifies, for the cores of the corre-
sponding cluster, a unique operating voltage for each fre-
quency of a plurality of operating frequencies.

In a third example, a method includes grouping cores into
a plurality of clusters by a power control unit of a processor,
where each cluster includes a unique plurality of cores and
each core is selected for inclusion in a respective cluster based
on at least one voltage-frequency (V-F) pair of the core. The
method also includes generating, by the power control unit, a
distinct V-F table for each cluster based on the V-F pairs of
each of the cores in the cluster, where each V-F table associ-
ates, for each frequency of a plurality of frequencies, a cor-
responding unique operating voltage. The method also
includes selecting, by the power control unit, an operating
voltage at which to operate a first core of a first cluster based
on a first cluster V-F table associated with the first cluster,
responsive to a frequency change request for the first core.
Generating the first cluster V-F table may include determining
afirst voltage at a first frequency that is a largest voltage of the
V-F pairs of the cores of the first cluster at the first frequency.
Generating the first cluster V-F table may further include
determining a second voltage at a second frequency that is a
largest voltage of the V-F pairs of the cores of the cluster at the
second frequency, and determining a slope and an offset
based on the first voltage and the second voltage. Generating
the first cluster V-F table may further include determining V-F
table values by interpolating voltage values using the slope
and offset. For each cluster, the corresponding V-F table may
include at least two cluster V-F pairs based on corresponding
core V-F pairs of each core of the cluster, the core V-F pairs of
each core stored in non-volatile memory of the respective
core, where for each of the at least two cluster V-F pairs of a
particular cluster, the operating voltage is selected to be the
largest operating voltage of each of the cores at the corre-
sponding frequency.

In a fourth example, at least one computer readable
medium has instructions stored thereupon for causing a sys-
tem to group cores into a plurality of clusters by a power
control unit of a processor, where each cluster includes a
unique plurality of cores and each core is selected for inclu-
sion in a respective cluster based on at least one voltage-
frequency (V-F) pair of the core. The at least one computer
readable medium also includes instructions to generate, by
the power control unit, a distinct V-F table for each cluster
based on the V-F pairs of each of the cores in the cluster where
each V-F table associates, for each frequency of a plurality of
frequencies, a corresponding unique operating voltage. The at
least one computer readable medium also includes instruc-
tions to select, by the power control unit, an operating voltage
at which to operate a first core of a first cluster based on a first
cluster V-F table associated with the first cluster, responsive to
a frequency change request for the first core. The instructions
to generate the first cluster V-F table may include instructions
to determine a first voltage at a first frequency that is a largest
voltage of the V-F pairs of the cores of the first cluster at the
first frequency. The instructions to generate the first cluster
V-F table may further include instructions to determine a
second voltage at a second frequency that is a largest voltage
of the V-F pairs of the cores of the cluster at the second
frequency, and instructions to determine a slope and an offset
based on the first voltage and the second voltage. The instruc-
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tions to generate the first cluster V-F table may further include
instructions to determine frequency-voltage table values by
interpolation of voltage values using the slope and offset. For
each cluster, the corresponding V-F table may include at least
two cluster V-F pairs based on corresponding core V-F pairs
of each core of the cluster, the core V-F pairs of each core
stored in non-volatile memory of the respective core, where
for each of the at least two cluster V-F pairs of a particular
cluster, the operating voltage may be selected to be the largest
operating voltage of each of the cores at the corresponding
frequency.

Embodiments may be used in many different types of
systems. For example, in one embodiment a communication
device can be arranged to perform the various methods and
techniques described herein. Of course, the scope of the
present invention is not limited to a communication device,
and instead other embodiments can be directed to other types
of apparatus for processing instructions, or one or more
machine readable media including instructions that in
response to being executed on a computing device, cause the
device to carry out one or more of the methods and techniques
described herein.

Embodiments may be implemented in code and may be
stored on a non-transitory storage medium having stored
thereon instructions which can be used to program a system to
perform the instructions. The storage medium may include,
but is not limited to, any type of disk including floppy disks,
optical disks, solid state drives (SSDs), compact disk read-
only memories (CD-ROMs), compact disk rewritables (CD-
RWs), and magneto-optical disks, semiconductor devices
such as read-only memories (ROMs), random access memo-
ries (RAMs) such as dynamic random access memories
(DRAMs), static random access memories (SRAMs), eras-
able programmable read-only memories (EPROMs), flash
memories, electrically erasable programmable read-only
memories (EEPROMs), magnetic or optical cards, on-die
storage elements, on-die circuitry, on-die register files, or any
other type of media suitable for storing electronic instruc-
tions.

While the present invention has been described with
respect to a limited number of embodiments, those skilled in
the art will appreciate numerous modifications and variations
therefrom. It is intended that the appended claims cover all
such modifications and variations as fall within the true spirit
and scope of this present invention.

What is claimed is:

1. A processor comprising:

a plurality of cores grouped into a plurality of clusters,
wherein the clusters are formed based on proximity of a
corresponding measured operating voltage of each core
of'the cluster at one or more of a plurality of frequencies,
wherein each cluster comprises a unique set of cores;
and

a power control unit (PCU) comprising frequency/voltage
control logic to determine an operating voltage for a first
core of a first cluster from a first cluster voltage-fre-
quency (V-F) table associated with the first cluster,
wherein the first cluster V-F table is to uniquely specify
a corresponding operating voltage at each of a plurality
of frequencies of operation of the cores of the first clus-
ter, the first cluster V-F table based on a plurality of core
V-F pairs for each of the cores of the first cluster, wherein
each core V-F pair is to specify a corresponding operat-
ing voltage of the core at a given frequency of operation,
the core V-F pairs of a given core stored in a non-volatile
memory.
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2. The processor of claim 1, further comprising a plurality
of voltage regulators, each voltage regulator to receive a
corresponding operating voltage value for a respective core
from the frequency/voltage control logic and to supply a
corresponding voltage to the respective core based on the
received operating voltage value.

3. The processor of claim 1, wherein for a selected fre-
quency of operation, the corresponding voltage of the first
cluster V-F table is at least as large as a largest measured
operating voltage of each of the cores of the first cluster at the
selected frequency of operation.

4. The processor of claim 1, wherein the first cluster V-F
table includes at least two cluster V-F pairs, each cluster V-F
pair comprising a corresponding operating voltage and a cor-
responding defined frequency, wherein for each of the defined
frequencies, the corresponding operating voltage of the clus-
ter V-F pair is selected to be a largest measured operating
voltage of the cores of the first cluster at the defined fre-
quency.

5. The processor of claim 1, further comprising a storage to
store a plurality of cluster V-F tables, each cluster V-F table
uniquely associated with a corresponding cluster, wherein
each cluster V-F table is to specify a distinct operating voltage
for each of a plurality of frequencies of operation of the cores
of the corresponding cluster.

6. The processor of claim 5, wherein the frequency/voltage
control logic includes multiplex logic to select the first cluster
V-F table from the plurality of cluster V-F tables responsive to
receipt of a frequency change request for the first core.

7. A system comprising:

a processor comprising:

a plurality of cores grouped into a plurality of clusters,
wherein each cluster comprises a unique set of cores
included in a particular cluster based on proximity of
a measured operating voltage of the unique set of
cores; and

a power control unit (PCU) comprising frequency/volt-
age control logic to determine an operating voltage
for a first core of a first cluster based on a first cluster
voltage-frequency (V-F) table associated with the
cores of the first cluster, wherein each frequency of
the first cluster V-F table is uniquely associated with a
corresponding operating voltage, the first cluster V-F
table based on a plurality of core V-F pairs for each of
the cores of the first cluster, wherein each core V-F
pair is to specify a corresponding operating voltage of
the core at a given frequency of operation, the core
V-F pairs of a given core stored in a non-volatile
memory; and

a dynamic random access memory coupled to the processor.

8. The system of claim 7, wherein the processor further
comprises a plurality of voltage regulators, each voltage regu-
lator to receive a corresponding operating voltage value for a
respective core from the frequency/voltage control logic.

9. The system of claim 8, wherein each voltage regulator is
to supply a corresponding voltage to the respective core
responsive to receipt of the operating voltage value.

10. The system of claim 7, wherein each of a first plurality
of cores is included in the first cluster based on a difference
between the corresponding operating voltage at each of a
plurality of frequencies and the corresponding operating volt-
age of the first core at each of the plurality of frequencies.
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11. The system of claim 7, wherein the frequency/voltage
control logic includes multiplex logic to select, from among a
plurality of cluster V-F tables, a particular cluster V-F table
associated with a particular cluster that includes a particular
core responsive to receipt of a frequency change request from
the particular core.
12. The system of claim 7, wherein the first cluster V-F
table includes a plurality of V-F pairs including a first oper-
ating voltage at a first frequency and a second operating
voltage at a second frequency, wherein the first operating
voltage and the second operating voltage are determined
based on corresponding V-F pairs of each core of the first
cluster, the corresponding V-F pairs stored in the non-volatile
memory.
13. A method comprising:
grouping cores into a plurality of clusters by a power con-
trol unit of a processor, wherein each cluster includes a
unique plurality of cores and each core is selected for
inclusion in a respective cluster based on proximity of a
measured operating voltage of the unique plurality of
cores;
generating, by the power control unit, a distinct voltage-
frequency (V-F) table for each cluster based on the V-F
pairs of each of the cores in the cluster, each distinct V-F
table uniquely associating, for each frequency of a plu-
rality of frequencies, a corresponding operating voltage,
the V-F pairs stored in a non-volatile memory; and

selecting, by the power control unit, the operating voltage
at which to operate a first core of a first cluster based on
a first distinct V-F table associated with the first cluster,
wherein generating the first distinct V-F table includes
determining a first voltage at a first frequency that is a
largest measured voltage of the V-F pairs of the cores of
the first cluster at the first frequency.

14. The method of claim 13, wherein generating the first
distinct V-F table further comprises: determining a second
voltage at a second frequency that is a largest measured volt-
age of the V-F pairs of the cores of the cluster at the second
frequency; and determining a slope and an offset based on the
first voltage and the second voltage.

15. The method of claim 14, wherein generating the first
distinct V-F table further includes determining V-F table val-
ues by interpolating voltage values between the first voltage
and the second voltage using the slope and offset.

16. The method of claim 13, wherein for each cluster, the
distinct V-F table includes at least two V-F pairs based on
corresponding V-F pairs of each core of the cluster, the V-F
pairs of each core stored in the non-volatile memory, wherein
for each of the at least two V-F pairs of a particular cluster, the
operating voltage is selected to be the largest measured oper-
ating voltage of each of the cores at the corresponding fre-
quency.

17. The processor of claim 1, wherein the unique set of
cores of the first cluster each have a measured operating
voltage at a first frequency within a deviation threshold of an
average operating voltage of the unique set of cores at the first
frequency.

18. The processor of claim 1, wherein the first cluster V-F
table is formed as a composite of a plurality of measured
operating voltages of the unique set of cores of the first cluster
at the plurality of frequencies of operation.
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